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I .  I N T R O D U C T I O N  

Redundancy can  be used  t o  i n c r e a s e  t h e  r e l i a b i l i t y  
o f  d i g i t a l  e l e c t r o n i c  equipment .  A method o f  a c c o m p l i s h i n g  
t h i s  i s  t o  d i v i d e  t h e  equipment i n t o  modules ,  t r i p l i c a t e  t h e  
modules ,  and u s e  a v o t i n g  c i r c u i t  t o  d e t e r m i n e  t h e  m a j o r i t y  
o u t p u t  o f  e a c h  t r i p l i c a t e d  g roup .  The m a j o r i t y  i s  t h e n  t a k e n  
t o  be t h e  " c o r r e c t "  o u t p u t .  

The S a t u r n  Launch V e h i c l e  D i g i t a l  Computer u s e s  a 
similar t y p e  of  redundancy e x c e p t  t h a t  t h e  v o t e r s  a r e  

# t r i p l i c a t e d ,  and. e r r o r  ( i . e . ,  d i s a g r e e m e n t )  d e t e c t i o n  and 
l i m i t e d  f a u l t  l o c a t i o n  a r e  p r o v i d e d .  I t  has been s u g g e s t e d  
t h a t  t h i s  t y p e  of t e c h n i q u e  i s  a p p l i c a b l e  t o  g e n e r a l  d i g i t a l  
c i r c u i t s ,  and t h a t  v o t e r s  o f  t h i s  t y p e  might  a l s o  i n c o r p o r a t e  
c o n t r o l  s i g n a l s  t h a t  would c a u s e  t h e  c i r c u i t  t o  o p e r a t e  i n  a 
s implex  mode, i n  which each of t h e  t r i p l i c a t e d  modules o p e r a t e s  
i n d e p e n d e n t l y  of  t h e  o t h e r  two. 

T h i s  memorandum d e s c r i b e s  a g e n e r a l i z e d  I n t e r f a c e  
Element ( I E )  and a s i m p l i f i e d  I n t e r f a c e  Element ,  b o t h  o f  
which have a m a j o r i t y  v o t i n g  mode, a s implex  mode, and o t h e r  
modes t h a t  are d e s c r i b e d  l a t e r  i n  t h i s  memorandum. Both 
e l e m e n t s  a l s o  p r o v i d e  f o r  e r r o r  d e t e c t i o n  and f a u l t  l o c a t i o n .  
T h e  d i f f e r e n c e  between t h e  two I E ' s  i s  t h e  number o f  " o t h e r "  
modes i n  e a c h .  

F i g u r e  1 i s  a b l o c k  d iagram o f  t h e  t y p e  o f  c i r c u i t  
M1, M 2 ,  and M u sed  i n  t h e  S a t u r n  v e h i c l e .  

d i g i t a l  d e v i c e s .  
A 3 ,  a re  v o t e d  on by  v o t e r s  V1, V 2 ,  and V 

o u t p u t s  Af, A:, and A* 3 '  
e q u a l  t o  one a n o t h e r  and have t h e  same l o g i c  v a l u e  as t h e  
m a j o r i t y  o f  t h e  b i n a r y  s i g n a l s  A1, A * ,  and A 

I E ' s  described i n  t h i s  r e p o r t  c o u l d  be used i n  p l a c e  of  t h e  

are i d e n t i c a l  3 
T h e i r  r e s p e c t i v e  b i n a r y  o u t p u t s ,  A1, A 2 ,  and 

3 t o  y i e l d  t h e  b i n a r y  
These o u t p u t s ,  Af, AS, and A;, a re  

E i t h e r  o f  t h e  3' 

#"Sepa rab le  Tiedundant Computers L.  D .  Amdahl 
and L .  T .  Mast, The  Rand C o r p o r a t i o n ,  Memorandum RM-4573-NASA, 
September ,  1965. 
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v o t e r s  i n  F i g u r e  1. The r e s u l t i n g  T r i p l i c a t e d  I n t e r f a c e  
Elements  ( T I E ' S )  are  shown i n  F i g u r e s  2 and 4 .  

11. DESIGN OF GENERALIZED INTERFACE ELEMENT 

A b l o c k  d i ag ram of  a T I E  i s  shown i n  F i g u r e  2 .  There 
are t h r e e  i n t e r f a c e  e l emen t s  i n  t h e  T I E .  I n  a d d i t i o n  t o  t h e  
i n p u t  s i g n a l s  A1, A * ,  and A 

as i n p u t s  t h e  c o n t r o l  s i g n a l s  Ri and Si ,  t h e  o u t p u t  A? and 
i n d i c a t o r s  X i ,  Y i ,  and Z i .  

on t h e  c o n t r o l  s i g n a l s  Ri and Si i n  t h e  f o l l o w i n g  manner:  

t h e  I ' i " t h  i n t e r f a c e  e l emen t  h a s  3 '  

The o u t p u t  A T  of t h e  I E  depends  

0 0 A 1 A 2 t A 1 A 3 t A 2 A 3  ( M a j o r i t y )  

Al 0 1 

1 

1 

A 2  0 

3 1 A 

The s i g n a l s  X i ,  Y i ,  and Z i  a r e  d i s a g r e e m e n t  
i n d i c a t o r s .  Xi = 1 i n d i c a t e s  t h a t  A1 d i s a g r e e s  w i t h  A 2  and 

= 1 i n d i c a t e s  t h a t  A 2  d i s a g r e e s  w i t h  A1 and w i t h  A 

w i t h  A 3 .  d i s a g r e e s  w i t h  A1 and 
A 2 .  F u r t h e r m o r e ,  once d i sag reemen t  o c c u r s ,  t h e  i n d i c a t o r  
r e m a i n s  s e t  u n t i l  r e se t  by s o f t w a r e  t h r o u g h  c o n t r o l  s i g n a l s  

Ri and Si. T h e r e f o r e ,  X i ,  Yi, and Z i  a re  f u n c t i o n s  o f  t h e i r  

p r e v i o u s  v a l u e s  as w e l l  as b e i n g  f u n c t i o n s  o f  A1, A 2 ,  A 3 ,  R i ,  
a n d  Si. 

t o  as xi,  y i ,  and z i .  

3' 'i 
And Z . =  1 i n d i c a t e s  t h a t  A 

1 3 

The p r e v i o u s  v a l u e s  o f  X i ,  Y i ,  and Z i  w i l l  be r e f e r r e d  

The 6 4  p o s s i b l e  combina t ions  of A1, A 2 ,  A 3 '  x i - '  Y i '  
a n d  zi a re  g i v e n  i n  Tab le  1, and ,  f o r  e a c h  c o m b i n a t i o n ,  t h e  

c o r r e s p o n d i n g  v a l u e s  of  AT, Xi, Y i ,  and Z i  a r e  g i v e n  for e a c h  
o f  t h e  f o u r  p o s s i b l e  combina t ions  o f  Ri  and Si. 
c a n  b e  b r i e f l y  e x p l a i n e d  as f o l l o w s :  

- - 
The t a b l e  
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I f  R i ,  Si = 0 ,  0 :  S o f t w a r e  i s  commanding t h e  o u t -  
p u t  t o  be t h e  m a j o r i t y  o f  t h e  i n p u t s .  Xi = 1  
i f  A1 d i s a g r e e s  w i t h  A2 and w i t h  A 
x = 1 (which  would have r e s u l t e d  f rom a p r e v i o u s  
d i s a g r e e m e n t . )  S i m i l a r l y ,  Yi = 1 i f  A2 d i s a g r e e s  
w i t h  A1 and wi th  A 
if A 

or i f  3’ 
i 

or i f  yi = 1. 
d i s a g r e e s  w i t h  A1 and w i t h  A*, or i f  zi = 1. 

And Z i  = 1 3’ 
3 

R i J  Si = 0 ,  1: S o f t w a r e  i s  commanding t h e  o u t p u t  
t o  be e q u a l  t o  A1 as a r e s u l t  o f  p r e v i o u s l y  
s e n s i n g  t h a t  Z i  = 1 ( i . e . ,  A 
A1 and w i t h  A2). 
ware r e q u i r e m e n t s ,  i t  was d e c i d e d  t o  r e se t  Z i  

s o  t h a t  Z i  = 0 ,  and  t o  i n h i b i t  t h e  s e t  s i g n a l  
s o  t h a t ,  even t h o u g h  A, may c o n t i n u e  t o  d i s -  

d i s a g r e e d  w i t h  3 
I n  a n  e f f o r t  t o  r e d u c e  s o f t -  

J 

w i l l  n o t  be s e t  t o  1. ‘i 
a g r e e  w i t h  AI and A2, 
X .  c o n t i n u e s  to i n d i c a t e  when A1 d i s a g r e e s  w i t h  
1 

b o t h  A2 and A 

when A2 d i s a g r e e s  w i t h  b o t h  A1 and A3. 
a n d  Yi c o n t i n u e s  t o  i n d i c a t e  3’ 

T h e r e f o r e ,  
Xi and  Yi  w i l l  b o t h  r ema in  z e r o  i f  and  o n l y  i f  

A1 and A2 a g r e e .  

= 0 ,  1 e x c e p t  t h a t  

s o f t w a r e  has chosen  A for t h e  o u t p u t  as a r e s u l t  
si 

R i ,  Si = 1, 1: Same as f o r  R i ,  

3 
3 

of  A2 h a v i n g  p r e v i o u s l y  d i s a g r e e d  w i t h  A1 and A 
( i . e . ,  Y i  = 1). 
and X i  and Z i  i n d i c a t e  d i s a g r e e m e n t  be tween A1 and 

Yi i s  r e s e t ,  i t s  s e t  s i g n a l  i n h i b i t e d ,  

A3* 

R i ,  Si = 1, 0 :  Same as f o r  R i ,  Si = 0 ,  1 e x c e p t  A2 

i s  t h e  o u t p u t ,  Al has d i s a g r e e d  ( X i  = 1), Xi p e t s  
r e s e t ,  i t s  s e t  s i g n a l  i s  i n h i b i t e d  and  Y i  and Z i  

3’ c o n t i n u e  comparing A and A 2 
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The r e s u l t i n g  l o g i c  e q u a t i o n s  a re  shown i n  T a b l e  
1. F i g u r e  3 shows an  implemen ta t ion  of  t h e  g e n e r a l i z e d  
I E  u s i n g  NAND g a t e s .  Although no  t i m i n g  i n p u t s  a re  shown 
i n  t h e  f i g u r e ,  i t  would be n e c e s s a r y  to s t r o b e  e a c h  o f  t h e  
s e c o n d - l e v e l  g a t e s  t o  a v o i d  c r i t i c a l  r a c e s .  T h i s  would i n -  
c r e a s e  t h e  t o t a l  number of  i n p u t s  from 6 9  t o  84 .  

F i g u r e  3 i s  t h e  c i r c u i t  f o r  a s i n g l e  IE. T h r e e  
i d e n t i c a l  IE's form a TIE. A TIE has s i x  c o n t r o l  s i g n a l s  
(RlY S1, R2) S 2 ,  R 3 ,  S ) as i n p u t s  and n i n e  i n d i c a t o r  

s i g n a l s  (X1Y yl, z l ,  X2Y Y*, z 2 ,  X 3 '  Y 3 ,  Z 3 ) as o u t p u t s .  
Each IE can  be i n d e p e n d e n t l y  c o n t r o l l e d  to have i t s  o u t p u t ,  
A;, s e t  e q u a l  t o  t h e  m a j o r i t y  (M = A1A2+A2A3+A1A3) or i t  can  
be set  e q u a l  t o  A 

o u t p u t s  can  be ,  i n d e p e n d e n t l y ,  any o f  t h e  f o u r  p o s s i b l e  v a r i a b l e s ,  
t h e r e  a r e  a t o t a l  o f  Q 3  = 64  p o s s i b l e  c o m b i n a t i o n s  o f  v a r i a b l e s  
a t  t h e  t h r e e  o u t p u t s .  T h i s  i s  a v e r y  g e n e r a l  i n t e r f a c e  e l e m e n t ,  
and  i t  i s  n o t  c l e a r  how i m p o r t a n t  it i s  t o  have a l l  t h e  
p o s s i b l e  c o m b i n a t i o n s  of o u t p u t s  a v a i l a b l e .  F o r  i n s t a n c e ,  
c o n s i d e r  t h e  combina t ions  l i s t e d  i n  t h e  t a b l e  be low:  

3 

S i n c e  t h e  t h r e e  A T  3' o r  t o  A 2  or t o  A 1' 

M a j o r i t y  Dlaj o r i t y  M a j o r i t y  

A1 

A1 

3 A 

3 A 

A 2  

A1 

A1 

A1 

3 A 

A 2  

A3 

A1 

A3 A 2  

The f irst  combina t ion ,  each  o u t p u t  i n d i c a t i n g  t h e  m a j o r i t y  o f  
t h e  i n p u t s ,  i s  of i n t e r e s t .  The n e x t  combina t ion  i s  a l s o  o f  
i n t e r e s t  s i n c e  i t  r e p r e s e n t s  o p e r a t i o n  as though  t h e r e  were 
t h r e e  s implex  machines .  The r e m a i n d e r  o f  t h e  combina t ions  
c o u l d  be of i n t e r e s t  i n  c e r t a i n  check ing  e x e r c i s e s ,  b u t  t h e i r  
u t i l i t y  i s  somewhat vague.  I t  i s  of p a r t i c u l a r  i n t e r e s t  t o  
see what p r i c e  i s  p a i d  f o r  t h e s e  combina t ions  whose u s e f u l n e s s  
i s  n o t  e s t a b l i s h e d .  T h i s  can be done by comparing t h e  
g e n e r a l i z e d  d e s i g n  w i t h  a s i m p l e r  d e s i g n  t h a t  has as o u t p u t s  
a s u b s e t  from t h e  combina t ions  o f  o u t p u t s  t h a t  are  a v a i l a b l e  
i n  t h e  g e n e r a l i z e d  IE. The d e s i g n  o f  s u c h  a s i m p l i f i e d  i n t e r -  
face e l emen t  i s  d e s c r i b e d  below. 
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111. DESIGN OF SIMPLIFIED INTERFACE ELEMENT 

The f i r s t  s t e p  i n  t h e  d e s i g n  o f  a s i m p l i f i e d  IE i s  
t h e  c h o i c e  o f  t h e  s u b s e t  o f  o u t p u t  c o m b i n a t i o n s .  The s u b s e t  
chosen  f o r  t h i s  d e s i g n  i s  shown below.  It i s  one o f  s e v e r a l  
r e a s o n a b l e ,  i n t e r e s t i n g ,  and small  s u b s e t s .  

QRS 

000  M a j o r i t y  M a j o r i t y  M a j o r i t y  

A1 A1 A1 r301 

010 

011 
A2 

A 3  

A 2  

A3 

A1 A2 100 

A 2  

A3  

A 3  
The c o n t r o l  s i g n a l s  Q, 3 ,  and S i n  t h i s  c a s e  have no  s u b s c r i p t s ;  
t h e  same t h r e e  c o n t r o l  s i g n a l s  g o  t o  e a c h  IE i n  t h e  TIE, as 
shown i n  F i g u r e  4 .  Al though e a c h  IE i s  f a b r i c a t e d  e x a c t l y  
a l i k e ,  t h e  c o n n e c t i o n s  from t h e  i n p u t s  are  d i f f e r e n t  and  t h e  
o u t p u t s  are n o t  t h e  same, hence  i t  i s  n o t  p o s s i b l e  t o  u s e  t h e  
n o t a t i o n  A? as t h e  o u t p u t  from t h e  ' ' i " t h  IE. T h e r e f o r e ,  t h e  

d e s i g n  for t h e  f i r s t  IE i s  d i s c u s s e d ,  and  t h e  d e s i g n  f o r  t h e  
s e c o n d  IE can  be found by s u b s t i t u t i n g  t h e  s u b s c r i p t s  2 ,  3 ,  
a n d  1 f o r  t h e  s u b s c r i p t s  1, 2 ,  and 3 ,  r e s p e c t i v e l y .  S i m i l a r l y ,  
t h e  t h i r d  IE would have s u b s t i t u t e d  t h e  s u b s c r i p t s  3 ,  1 and 2 .  

The v a l u e s  o f  t h e  i n d i c a t o r s  i n  t h i s  s i m D l i f i e d  IE 
are  t h e  same as f o r  t h e  g e n e r a l  IE f o r  Q = 0 .  F o r  Q = 1, t h e y  
a re  t h e  same as f o r  t h e  R ,  S = 0 ,  0 c a s e  i n  t h e  g e n e r a l  IE. 
But  n o t e  t h a t  t h e  f i r s t  IE c o n t a i n s  o n l y  X, t h e  second  IE 
c o n t a i n s  o n l y  Y and  t h e  t h i r d  IE c o n t a i n s  o n l y  Z. 

The v a l u e s  o f  t h e  o u t p u t s  i n  t h i s  s i m p l i f i e d  IE are  
t h e  same as  f o r  t h e  g e n e r a l  IE f o r  Q = 0.  For 8. = 1, t h e  
o u t p u t  o f  t h e  f i r s t  e l emen t  i s  A1, t h a t  o f  t h e  second  e l e m e n t  
i s  A2 and  t h a t  o f  t h e  t h i r d  i s  A 

are  as  f o l l o w s :  

The r e s u l t i n g  l o g i c  e q u a t i o n s  3' 
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AT = z(A1A2)  + G g ( A  A ) + R(A A ) 2 3  1 3  

3 + Q,Al + TSA1 + RsA, + RSA 

A 2 -  * - E ( 1 2  A A ) + z ( A 2 A 3 )  + q K ( A 1 A 3 )  

+ QA2 + %SA1 + RsA, + RSA3 

-- 
A? = QR(A1A2) + s ( A 2 A 3 )  + a(A1A3) 

+&A + RSA1 + R s A 2  + RSA3 3 

z = [Q + R + 31 [ Z  + A ~ A ~ A ~  + K , E 2 ~ 3 l  

The minimized l o g i c  b l o c k  d i ag ram f o r  A* and X i s  
shown i n  F i g u r e  5 .  A s  was t h e  c a s e  f o r  t h e  g e n e r a l i z e d  I n -  
t e r f a c e  Element ,  t h e  Droblem o f  c r i t i c a l  r a c e s  c o u l d  be ove r -  
come by s t r o b i n g  e a c h  o f  t h e  second  l e v e l  g a t e s  w i t h  an  
a p p r o p r i a t e  t i m i n g  s i g n a l .  T h i s  would i n c r e a s e  t h e  t o t a l  
number o f  i n p u t s  from 4 5  t o  55.  
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I V .  COMMENTS 

A g e n e r a l i z e d  I E  r e q u i r e s  2 2  NAND g a t e s  and a s i m -  
p l i f i e d  I E  r e q u i r e s  13  NAND g a t e s .  S i n c e  t h e r e  a re  t h r e e  IE's 
i n  a T I E ,  t h e  r e q u i r e m e n t  f o r  a T I E  i s  66  or 39 NAND g a t e s ,  
d e p e n d i n g  on t h e  t y p e  of  T I E  u s e d .  G e n e r a l l y ,  e a c h  o f  t h e  
t r i p l i c a t e d  modules ,  M1, M 2 ,  and M 
would have more t h a n  one o u t p u t ,  and e a c h  o u t p u t  would r e q u i r e  
a TIE of  t h e  c o m p l e x i t y  mentioned above .  The r e l a t i v e  com- 
p l e x i t y  of t h e  " v o t e r "  t o  t h e  t r i p l i c a t e d  module i s  a n  i m p o r t a n t  
f a c t o r  i n  d e t e r m i n i n g  how b i g  t o  make t h e  module b e f o r e  i n t e r -  
p o s i n g  a T I E .  

shown i n  F i g u r e s  2 and 4 ,  3 
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On m i s s i o n s  o f  l ong  d u r a t i o n  i t  may be d e s i r a b l e  
f o r  a v a r i e t y  o f  r e a s o n s  t o  b e  ab le  t o  o p e r a t e  a t r i p l y  
r e d u n d a n t  computer  i n  a s implex  mode w i t h  power o f f  t h e  
o t h e r  two pa r t s .  Al though no rLgorous a n a l y s i s  o f  t h i s  
p o s s i b i l i t y  has been made for t h e  c i r c u i t s  d e s c r i b e d  i n  
t h i s  r e p o r t ,  a c u r s o r y  e x a m i n a t i o n  y i e l d s  no r e a s o n s  t h a t  
would make s u c h  a scheme u n a c c e p t a b l e .  
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FIGURE 1.-BLOCK DIAGRAM OF TRIPLY 
REDUNDANT MODULES WITH TRIPLY REDUNDANT VOTERS 
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PARTS COUNT 

No. TYPE INPUTS 

1 6-INPUT GATE 6 
6 4-INPUT GATES 24 
9 3-INPUT GATES 27 
6 2-INPUT GATES 12 

I-’ TOTALS: 

22 GATES 
69 INPUTS 
3 DELAY ELEMENTS 
5 INVERTERS 
2 LOGIC LEVELS FOR 

DATA (PLUS ONE FOR CONTROL 
ONLY) 

S R9 
A -  

NOTE: ALLGATESARENANDGATES 
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FIGURE 3-IMPLEMENTATION OF GENERAL IE  
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NOTE: ALL GATES ARE NAND GATES 
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PARTS COUNl 

TYPE INPUTS No. 

1 7-INPUT GATE 7 
4 4-INPUT GATE 16 
6 3-INPUT GATE 18 
2 2-INPUT GATE 4 

TOTALS: 

13 GATES 
45 INPUTS 

1 DELAY ELEMENT 
6 INVERTERS 
2 LOGIC LEVELS FOR DATA 

(PLUS ONE FOR CONTROL ONLY) 

a 
R 

5 -  

FIGURE 5.-IMPLEMENTATION OF SIMPLIFIED IE FOR OUTPUT A i  AND INDICATOR X 


